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The origin and early clinical use of 'therapeu-
tic' ultrasound are reviewed and theories about
the mechanism of action of ultrasound are
traced and discussed. Changes of emphasis
which have taken place in the empirically-based
use of ultrasound are described. Some experi-
mental evidence about the effect of ultrasound
on tissue healing in vivo is presented, which
indicates the need for controlled clinical trials
in physiotherapeutic practice.
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Origins and Development
Ultrasound acoustic waves are those
of compression and rarefaction occur-
ring at frequencies above 20,000 Hz,
which is the upper limit of the audible
range for the human ear. The frequeIf-
cies between 800 kilocycles and 3,000
kilocycles (0.8 and 3.0 MHz) have been
found to be the most therapeutically
useful (Curwen 1952) due to their at-
tenuation properties. Attenuation re-
fers to the propagation loss of ultra-
sonic energy travelling through a
medium so that its intensity is reduced
as a function of distance (Wells 1977).
Thus at 3MHz the acoustic energy in
tissue will have been reduced to half
fthat applied at the skin within approx-
imately 1.5cm (the half value distance),
whereas the half value distance at
IMHz is about 5cm. At frequencies
below IMHz the half value distance
should, theoretically, increase further,
but this effect is counteracted to some
extent by divergence of the beam.
Therapeutic use of frequencies below
0.75 MHz, therefore, offers little ad-
ditional penetration from the 0.8 to
3MHz range, while frequencies above
3MHz tend to have most of their effect
in the skin and subcutaneous tissues
which rarely form the target for ther-
apeutically used ultrasound.
The most common method of gen-
erating ultrasonic energy for biomedi-
cal and biophysical purposes is by uti-
lization of the piezoelectric property
held by some crystals, either natural
ones such as quartz, or artificial or
ceramic crystals such as barium titan-
ate or one of the types of lead zirconate
titanate (PZT) commonly used now.
Piezoelectricity is the property whereby
a mechanical force applied across such
a crystal will result in the development
of a voltage between its two faces, or
conversely that a voltage applied will
result in deformation of the crystal
(Gooberman 1968). This was first de-
scribed in 1880 in France by Pierre and
Jacques Curie, who found that a piece
of quartz if placed in an alternating
electric field would vibrate and emit
sound waves. Acoustic science has since
been developed both in industry and
in medicine, and within medicine an
important branch, that of diagnostic
ultrasound, began to grow in the 1950s.
Practical application of the Curies'
discovery was not undertaken until
World War I when a former pupil of
theirs, Professor Paul Langevin, began
work at the Toulon Arsenal investi-
gating the possibility that sound waves
might be used in the detection of Ger-
man U-boats. His findings subse-
quently led to the SONAR detection
system of World War II. While en-
gaged in this work Langevin was visited
in 1917 by an American, Professor R.
W. Wood, who was impressed by the
powerful effect of the ultrasonic waves
generated by the apparatus which was
capable of killing small fish if they
swam into the beam.
The subsequent work of Wood and
his co-worker Loomis in Tuxedo, New
York, between 1924 and 1927 is com-
monly held to have initiated experi-
mental research into the biophysical
effects of ultrasound. Their ultrasonic
generator, built with the co-operation
of the research laboratory of the Gen-
eral Electric Company, utilized a num-
ber of quartz plates as piezoelectric
oscillators which were operated at
50,000 volts and could emit ultrasound
at frequencies in the range 100,000 to
700,000 cycles per second (0.1 to 0.7
MHz). The intensity of the output used
in their experiments was not stated,
though it has been estimated at about
10Wcm-2 (Wells 1977), but it was ob-
served that 'an enormous amount of
energy is delivered', and the comment
was made that the force they were deal-
ing with was what a colleague, C. V.
Boys, had described in a phrase much
quoted since as 'ALL acceleration and
NO motion' (Wood and Loomis 1927).
This report of their study of 'the very
surprising and remarkable effects ob-
tained with sound waves of high fre-
quency and great intensity' included a
section on 'Biological Effects'. In this
it was shown that not only small fish,
as in the case of Langevin's experi-
ments, but also frogs, were killed by
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an exposure of one or two minutes,
red blood corpuscles in physiological
saline were destroyed, filaments of spi-
rogyra were torn apart and unicellular
organisms like paramecium were tem-
porarily immobilized by short expo-
sures but killed by longer ones, while
bacteria survived. Wood and Loomis
felt that the bacteria survived due to
their small size which precluded dif-
fering forces acting at different points
of their surface. In the case of the frogs
and fishes, they suggested that the cause
of death might have been internal heat-
ing despite attempts to protect them
from rises of temperature by dropping
ice into the water around them. They
had found that little or no heating took
place in either distilled water or in a
strong salt solution but that heating
was marked in low salt concentrations,
being maximal at 0.80/0 which they
noted was very nearly the concentra-
tion found in mammalian blood.
The full extent to which thermal fac-
tors account for the therapeutic mech-
anism of action of ultrasound on living
tissue has not yet been established.
Other probable contributory factors
have been identified as a mechanical
or stirring effect influencing cell mem-
brane permeability, specific effects on
nerve tissue, or the effect of stable
cavitation (Clarke and Stenner 1976,
Wells 1977, Coakley 1978). These will
be referred to again, below.
Early Clinical Use of
Ultrasound
Therapeutic ultrasonics has followed
an uneven course between clinical use
and experimental study. Even before
1930 the first patients had been treated
with ultrasound by physicians on the
continent of Europe and a criticism of
the 'therapeutic' use of this medium
throughout its history has been the
tendency to treat patients on an em-
pirical instead of from a clearly defined
scientific basis. Some early successes in
the treatment of sciatica were obtained
in Berlin in 1930 (anecdotal accounts
reported by Stanley 1958), which
aroused enthusiasm for the new treat-
ment and resulted in its trial in a wide
variety of conditions said to have
ranged from eczema to cancer. Many
of these trials were conducted in the
absence of experimental findings on
which to base such use, and often with
a notable lack of scientific principles
and procedure (Nelson et ol 1950).
While many initial successes were
claimed, a number of the apparently
favourable results were negated on
closer examination, as in the treatment
of otosclerosis cited by Stanley (1958),
or the effect was found to be accom-
panied by harmful sequelae as in the
treatment of cancers in which meta-
static development was later shown to
be likely (Herrick 1949).
A loss of confidence in the thera-
peutic value of ultrasound which fol-
lowed the discouraging results, and the
disruption of communications with Eu-
rope during World War II, brought
about a setback in the development of
ultrasonics in the English-speaking
world. A resurgence of interest took
place during the early 1950s at the time
when the then new medical specialty
of Physical Medicine was evolving.
Many review articles on the use of ul-
trasound appeared in the next few
years, some of them anecdotal in char-
acter and most of them drawing to a
large extent on source material from
German language papers. Conditions
cited as offering indications for ultra-
sound therapy included neuralgic con-
ditions, especially sciatica, 'painful dis-
eases of joints', though ultrasound was
less successful in rheumatoid arthritis,
acute and chronic subacromial bursitis,
low back pain and intervertebral disc
lesions, sprains, 'fibrositis', asthma,
peripheral circulatory disorders, Herpes
zoster, and peptic ulcers. Representa-
tive of these reviews are those by Her-
rick (1949), Nelson et ol (1950), Buch-
tala (1952), Lehmann (1953a), Bauer
(1954), Miller and Weaver (1954) and
Schwartz (1957). Proliferation of com-
mercially available ultrasonic units in
the early 1950s gave additional impetus
for the clinical use of ultrasound, and
brought the treatment within reach of
more physicians. A clinical note in the
February issue of The British Journal
of Physical Medicine (1953) gave an
account of seven brands of ultrasonic
units, six of which were marketed in
Britain, one of the six being manufac-
tured there.
Much of the experimental research
in ultrasonics in the early years was
difficult to apply clinically as it was
concerned with the destructive prop-
erties of ultrasound and used frequen-
cies, intensities or durations completely
at variance with clinical use (Bauer
1957, Schwartz 1957). It is only since
1968 that in vivo experiments using
clinical physiotherapeutic parameters
of ultrasound have begun to yield data
of direct value in clarifying the mech-
anism(s) of therapeutic action of ultra-
sound in living tissue. A factor which
may have contributed to the compar-
ative lack of experimental research in
the specifically therapeutic field was
the rapid development and obvious
medical importance of diagnostic ul-
trasound, which led to a drain of in-
terest and resources in that direction.
Another factor, more recently estab-
lished, which has affected the progress
and validity of clinical trials in the field
as a means of establishing treatment
regimens, has been the widespread cal-
ibration inaccuracies found in thera-
peutic ultrasonic instruments (Gordon
1965, Stewart et of 1973a, Allen and
Battye 1978, Fyfe and Parnell 1982,
Thomson and Fyfe 1983).
Theories of Mechanism of
Action of Ultrasound
Two opposite schools of thought
have influenced the clinical application
of therapeutic intensities of ultrasound,
in the approximate range 0.25 to
3.0Wcm- 2 (Bauer 1954). On the west-
ern side of the Atlantic ocean it was
held that the biological effects of ul-
trasound rested principally though not
exclusively in their thermal action; in-
tensities used tended to be in the high
therapeutic range to achieve the desired
elevation of tissue temperature. On the
eastern side of the Atlantic, on the
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European continent, it was held as a
generalization, that ultrasonic waves
were neural stimuli and acted usually
by way of the terminal vascular system;
intensities used tended to be in the
lower therapeutic range, quoted as in
accordance with the Arndt-Schultz law
that weak stimuli increase physiological
activity while strong stimuli inhibit or
abolish it (Tomm 1953).
There is incontrovertible evidence for
the ability of ultrasound to produce a
rise in temperature of biological tissues
as a result of absorption of energy from
the beam as part of the attenuation
process mentioned earlier, and this oc-
curs to a large extent at tissue inter-
faces. Lehmann (1953b), in an early
paper on therapeutic ultrasound from
the Mayo Foundation, reviewed the
evidence for the selective heating of
tissue by ultrasound and concluded that
it played the major role in therapeutic
conditions, though it was noted that
other types of heating did not repro-
duce the effects. Lehmann referred to
ultrasound as ultrasonic diathermy, a
term still current in some quarters, and
on a number of occas~ons compared
its heating effect with that of short-
wave diathermy. Like ultrasound, short
wave diathermy was being increasingly
utilized in treatment after a similar de-
lay in its development throughout
World War II, although the delay was
caused by a different reason, its con-
nection with RADAR. Lehmann and
his fellow-workers, prompted by their
interest in deep tissue heating, inves-
tigated rises in temperature produced
by ultrasound in tissues around joints
in human subjects. They concluded that
temperatures of 42.5°C could be at-
tained in joint structures (Lehmann et
af1967a, 1967b, 1968). To achieve such
heating, a 'tolerance level' of ultra-
sound at a continuous wattage output
(CW) had to be reached and this was
described, in healthy human subjects,
as the point when pain was reported.
The effect of this degree of heating on
joint pathology or structures was not
made clear and the rationale for the
deep heating of joints has since been
questioned (Feibel and Fast 1976). In
vivo experiments have shown that ul-
trasound given to the upper tibial epi-
physeal region of young dogs and rab-
bits had a destructive though variable
effect on growing bone (De Forest et
a/1953). Other experiments with adult
dogs showed that rises in temperature
of 5°C or more could occur in bone
marrow from the application of ultra-
sound to the femoral region, and was
followed by evidence of bone marrow
damage including haemorrhage and
liquefaction (Bender et 0/1954, Payton
et a/ 1975). The rise in temperature
which caused this damage was similar
to that reached in Lehmann's experi-
ments on human subjects.
In contrast to the view that, to be
effective, ultrasound should produce
heating of marked degree, it was sug-
gested that 'subtle relationships' of the
physical and chemical effects of ultra-
sound might combine to produce the
clinically observed results such as re-
duction of pain and improvement in
the local circulation. Dilatation of
blood vessels it was said, took place at
low intensities, whereas high intensities
might cause vaso-constriction (Miller
and Weaver 1954). Low intensities (0.3
to 0.5Wcm- Z) were found, from ac-
counts of the current clinical practice,
to improve healing in pressure sores
(Williams 1968), although Harvey and
Elphick (1969) cautioned that reports
had been made of ulcers increasing in
size after ultrasound treatment. No de-
tails of the treatment regimen which
produced the adverse effects were cited
and it was presumed that the intensity
had been excessive.
In the experimental investigation of
the effect of ultrasound on nerve tis-
sues, variable results have been found.
Griffin (1966) examined the effect of
ultrasonic intensity on the number of
nerve impulses occurring in unit time
and Farmer (1968) examined the effect
of intensity on nerve conduction. Both
found a rise in the parameter under
examination at 0.5Wcm-2 and a rise
was also found at 2.5Wcm- 2 in the
former case and at 3.0Wcm- 2 in the
latter, but a depression of the para-
meter under investigation was found in
both cases at around l.OWcm 2. In
another study the amplitude and du-
ration of nerve action potentials were
found not to change following inson-
ation at 1.5Wcm- 2 at IMHz but laten-
cies decreased and subcutaneous tem-
peratures rose (Currier et of 1978).
A possible mechanism of ultrasonic
action which might influence the ex-
change of tissue fluids was found to
be cavitation. Stable cavitation is the
behaviour of gasfilled bubbles existing
in an ultrasonic field of intensity below
that necessary to cause transient (col-
lapse) cavitation (Wells 1977). The
presence of stable cavitation could ac-
count for the 'micro massage' or me-
chanical effect thought to act upon the
speed of fluid exchange within the tis-
sues (Curwen 1952, Bauer 1957, Pa-
trick 1965). This effect was shown in
a different context by Howkins (1969)
who investigated the potential of ul-
trasound to enhance dialysis in artifi-
cial kidney machines. He concluded
that major increases in dialysis rates
were brought about by ultrasound
through the 'efficient stirring' of fluid
layers near the membrane. The growth
and oscillation of microbubbles in an
ultrasonic field could contribute to the
mechanism of action of ultrasound in
tissues by giving rise to micro-stream-
ing stresses (Coakley 1978). Nyborg
(1968), in discussing mechanisms for
non-thermal sonic action, suggested
that the inhomogeneities in a medium
through which the beam was passing
(as in tissue) might account for the
'sonic excitation' and that the action
of ultrasound on small gas bubbles or
microbubbles in the vicinity of cells
might be especially effective. Thresh-
olds for cavitation rise with higher ul-
trasonic frequency. At low intensities
in the therapeutic range of frequencies,
therefore, cavitation is least likely to
have an effect at 3MHz, and it is most
likely to occur at 0.75 MHz. ter Haar
and Daniels (1981) and ter Haar et 0/
(1982) showed that at O.75MHz the use
of continuous ultrasound resulted in
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stable bubble production in the guinea-
pig leg when intensities above
680mWcm- 2 were used. Pulsed output
has been shown less likely to result in
cavitation than continuous output. At
1MHz frequency in aqueous suspen-
sion cell cultures, and for pulse dura-
tions below 1ms, cavitation was found
to be negligible (Clarke and Hill 1970).
The interval between pulses as well as
the length of each pulse may, however,
be relevant in production of the overall
ultrasonic effect.
Changes of Emphasis in
Empirically Based Use of
Therapeutic Ultrasound
Advances in medical and physioth-
erapeutic knowledge and practice have
resulted in changes of emphasis in ul-
trasonic therapy, which is shown bYda
changing concept of its value in recent
injuries. In a survey of thirteen types
of musculo-skeletal disorders treated
with ultrasound in the U.S.A. over a
period of ten years (Soren 1965), twelve
of these disorders were in groups de-
scribed as chronic conditions. Eight
years later in Britain Patrick (1973)
stated that experience had not shown
any other form of treatment that could
effect a resolution of the post-trau-
matic inflammatory state as quickly as
ultrasound, and that to benefit from
this therapy the lesions must be acute.
Patrick (1978) found that the most ef-
fective use of pulsed ultrasound in
physiotherapy was in recent soft tissue
lesions, where the thermal effect was
minimal, and that the time factor of
referral for treatment was a major de-
terminant and should be immediate.
She regarded such treatment as both
prophylactic in averting a long recov-
ery period as well as being curative,
and considered that pulsed insonation
should be of minimal intensity and
time, and delivered to an accurately
defined small area.
Influences which brought about this
change of emphasis were the growing
interest in sports medicine and the
wider realization of the role of the in-
flammatory process as a continuum
from sublethal injury to healing (Ebert
and Grant 1974), which could be in-
fluenced by ultrasonic intervention. An
important phase in the investigation of
the healing effects of ultrasound was
opened by Dyson et a/ (1968) whose
work showed that regenerating tissue
in rabbits' ears was significantly ac-
celerated by low pulsed treatments with
ultrasound. Maximum mean growth
increase obtained was 32.5070 above that
of the controls, when an intensity of
0.5Wcm- 2 with a mark:space pulse ra-
tio of 2ms:8ms was given at a fre-
quency of 3.55MHz. Other intensities
were also assessed and they found tis-
sue damage to occur in a similar ap-
plication of 8.0Wcm- 2 • This finding
might have been related to the station-
ary technique used, as later work by
this team (Dyson et af 1974) showed
that blood cell stasis and endothelial
damage could occur in the chick em-
bryo in a stationary wave field.
A further stage in the investigation
of the effects of ultrasound on healing
was reached with the finding of a stim-
ulatory effect on protein synthesis in
human fibroblasts in vitro (Harvey et
a/ 1975) and by the results of a con-
trolled blind clinical trial into the effect
of ultrasound on granulation tissue in
varicose ulcers of the leg (Dyson et a/
1976, Dyson and Suckling 1978). Re-
ports from two other controlled in vivo
experiments provided additional evi-
dence that under suitable conditions
ultrasound could affect healing fa-
vourably. In the first, healing of su-
tured skin wounds in guinea-pigs
treated with ultrasound was found to
be enhanced at the 11th day after su-
ture. This was considered likely to have
been due to an effect from ultrasound
on fibroblasts and collagen tissue
(Drastichova et a/1973). In the second
report the presence and quantity of
fibroblasts and collagen fibrils at six
weeks in surgically split tendons in
horses was found to be markedly dif-
ferent from contralateral controls not
treated with ultrasound (Morcos and
Aswad 1978).
Inflammation is a process rather than
a state (Adami 1909, cited by Ebert
and Grant 1974) being a continuum
from sublethal injury to healing and
whose major sequential events are in-
jury, inflammation, fibroplasia and
scar formation although the signals
triggering this progression are not well
understood (Hunt et a/1981). The end-
point, healing, is most conveniently
studied in accessible skin wounds al-
though Hunt et af (1981) have pointed
out that wound healing is only a special
case of inflammatory fibrosis. The ma-
jority of musculo-skeletal injuries
treated by physiotherapy are closed le-
sions not surface wounds, but the in-
flammatory process in such lesions can
be presumed to follow essentially the
same course as that in superficial
wounds, with the same mediators play-
ing a part, though possibly to different
extents.
An in vivo study of the effect of
ultrasound on plasma extravasation in-
duced in the rat ankle joint by intra-
articular injection of silver nitrate
showed that the time course in effect
of a single insonation lasted up to 96h
(Fyfe and Chahl 1985). During this
period the effect of a pulsed, 1 minute
application at O.5Wcm-2 changed from
significant initial exacerbation of
plasma extravasation to significant fi-
nal reduction of plasma extravasation
compared to the contralateral control
ankle. A second insonation, if given
24 hours after the first, had a similar
effect though to a lesser extent. A third
insonation, if given 24 hours after the
second one, increased the length of time
during which plasma extravasation was
greater in the treated ankles than in
the contralateral control ankles. Fyfe
and Chahl (1985) suggested that cau-
tion should therefore be used in decid-
ing on the number of consecutive treat-
ments which should be given to human
patients, pending definitive clinical
trials.
It has also been shown that ultra-
sound degranulated mast cells which
would release histamine (Fyfe and
Chahl 1984). Small amounts of hista-
mine have been found to assist healing
while large amounts inhibit it
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(Dabrowski et a11975, 1979, Saecki et
al 1975). This supports the probability
that, contrary to the 'American school'
usage of thermal intensities of ultra-
sound, low, non-thermal, short, spaced
out applications of ultrasound may as-
sist healing in damaged human tissue.
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